Mechanical properties of materials are strongly dependent of their atomic arrangement as well as the sample dimension, particularly at the micrometer length scale. In this study, we investigated the small-scale mechanical properties of single-crystalline YCd 6 , which is a rational approximant of the icosahedral Y-Cd quasicrystal. In situ microcompression tests revealed that shear localization always occurs on {101} planes, but the shear direction is not constrained to any particular crystallographic directions. Furthermore, the yield strengths show the size dependence with a power law exponent of 0.4. Shear localization on {101} planes and size-dependent yield strength are explained in terms of a large interplanar spacing between {101} planes and the energetics of shear localization process, respectively. The mechanical behavior of the icosahedral Y-Cd quasicrystal is also compared to understand the influence of translational symmetry on the shear localization process in both YCd 6 and Y-Cd quasicrystal micropillars. The results of this study will provide an important insight in a fundamental understanding of shear localization process in novel complex intermetallic compounds.
Introduction
Novel complex intermetallic compounds often possess superior chemical, physical, electronic, and magnetic properties due to their unique atomic arrangements and have been regarded as an excellent candidate material for future devices [1] [2] [3] [4] [5] [6] [7] . However, their extreme brittleness at room temperature significantly limits their practical applications. Therefore, it is important to enhance their ductility as well as to understand a potential plasticity mechanism if available. In general, fracture of brittle materials is greatly sensitive to the geometry and distribution of defects, for instance, surface flaws or microcracks [8] . Plastic deformation in these materials is often obscured by stress concentration followed by brittle fracture at a stress level lower than yield strength. If the defects can be effectively removed, however, it would be possible to observe the ductility of these otherwise brittle materials. Recent studies on small-scale mechanics revealed that size reduction is a great way to enhance the ductility because the probability to contain a defect in a smaller volume is statistically lower. If the dimension of materials becomes close, especially, to the micro-/nano-meter length scale, they would possess nearly no significant defects, and it would be possible to avoid stress concentration as well as catastrophic failure. Then, it is possible to study the intrinsic plastic deformation process in novel intermetallic compounds even at room temperature.
For the last decade, micropillar compression and tension tests have been extensively used to investigate the size effects on the mechanical properties of materials [9] [10] [11] [12] [13] [14] [15] [16] [17] . Recent studies successfully demonstrated that a brittle material could become more ductile when its dimension is reduced down to the micro-/nano-meter length scale. Gallium arsenide (GaAs) micropillars with 1 lm in diameter display significant dislocation-based plasticity, which was confirmed by post-deformation transmission electron microscope (TEM) analysis [18] . Silicon nanopillars with diameters less than 300 nm exhibit extensive plastic slip events instead of brittle fracture under uniaxial compression [19] . This work showed that size reduction to a certain critical diameter induces the brittle-to-ductile transition. More notably, icosahedral Al-Pd-Mn quasicrystal (QC) nanopillars also exhibit the brittle-to-ductile transition at the diameter between 350 and 510 nm despite the absence of translational symmetry in its quasicrystalline structure [20] . Their in situ TEM deformation suggested that icosahedral Al-Pd-Mn QC nanopillars might exhibit dislocation climb and glide even at room temperature, which contribute to room temperature ductility at small length scales. As another special case, Zr-based bulk metallic glass (BMG) nanopillars of 100 nm in diameter, which has an amorphous atomic arrangement, exhibit even tensile ductility at room temperature [21] . All these results confirm that size reduction is indeed able to prevent catastrophic failure and can promote plastic deformation, enabling the study of intrinsic plastic deformation behavior of materials, which are usually brittle at bulk scale.
Among all of the studies listed above, the deformation behaviors of QCs and BMGs seem to be unique, compared to those of crystalline materials since they exhibit small-scale plasticity even without the aid of translational symmetry. Translational symmetry is usually required for a material to exhibit conventional dislocation glide process, which would be the most effective plasticity mechanism in crystalline materials. The absence of translational symmetry operates alternative plasticity mechanism, for instance, dislocation climb in QCs or shear banding in BMGs. The translational symmetry would be an important factor to control the deformation process in brittle materials at small length scales. Thus, it would be worthwhile to investigate how the translational symmetry plays a role in the deformation process in novel intermetallic compounds to gain a deeper understanding of their plasticity mechanisms.
In order to examine the role of translational symmetry in mechanical properties of intermetallic compounds, QC would be an excellent system to study because some QCs have a quasicrystal approximant (QCA), a chemical counterpart that possesses not only the same repeating unit cluster, but also translational symmetry [22] . Both QC and QCA are usually extremely brittle intermetallic compounds due to the directionality of their atomic bonds and complex atomic configurations. If they can exhibit some amount of plasticity by reducing the sample dimension, however, it would be possible to study how both translational symmetry and sample dimension influences their mechanical behaviors.
Recently, we successfully grew both QC (i-YCd or YCd 7.48 ) and QCA (YCd 6 ) through solution growth of Y-Cd binary system. YCd 6 QCA has the same Tsaitype icosahedral cluster with i-YCd QC but has the body-centered-cubic array of these clusters, which produces translational symmetry [22, 23] . In this study, we fabricated micropillars with various diameters and investigated the effects of translational symmetry and sample dimension on the mechanical properties, primarily, of YCd 6 QCA by using in situ microcompression. We found that all YCd 6 QCA micropillars with diameters ranging from 0.3 to 10 lm exhibit shear localization on {101} planes, and shear displacement always occurs along the maximum shear stress direction. The i-YCd QC micropillars also exhibit shear localization but only at the submicrometer scale. The i-YCd QC micropillars with a few lm in diameter display catastrophic failure. We J Mater Sci (2018) 53:6980-6990 also observed size-dependent yield strength of YCd 6 QCA micropillars with the power law exponent of 0.4. We discuss shear localization on {101} planes and size-dependent yield strength of YCd 6 QCA micropillars in terms of a large interplanar spacing between {101} planes and the energetics of shear localization process, respectively. We believe that the results of our study will provide an important insight in a fundamental understanding of deformation processes in novel complex intermetallic compounds.
Materials and methods
Solution growth of the YCd 6 quasicrystal approximant and i-YCd quasicrystal
Single-crystalline YCd 6 QCA and grains of i-YCd QC crystals were grown from a Cd-rich melt using a high-temperature solution growth method [23] . Starting bulk elements, with molar ratios of Y/Cd = 0.8:99.2 (for i-YCd) and 7:93 (for YCd 6 ), were packed in a frit-disk alumina crucible set [24] and sealed in a silica ampoule under a partial argon atmosphere. The ampoule was then heated up to 700°C, dwelt there for 10 h, and slowly cooled to 500°C for the QCA and 335°C for QC, at which temperature the remaining liquid was quickly decanted in a centrifuge. The single crystal specimen of YCd 6 exhibits clear {001} rectangular facets and {101} hexagonal facets, which enable us to identify the crystallographic directions of the sample relatively easily (Fig. 1a) . In the case of the i-YCd QC, we obtained an agglomerate of several grains, and each grain was large enough to make multiple micropillars (Fig. 1b) . We fabricated micropillars along a [211111] direction on the pentagon-shaped plane, which has fivefold rotational symmetry (the inset of Fig. 1b ).
Micropillar fabrication and in situ micropillar compression of YCd 6
Micropillars were fabricated by using a Ga ? focused ion beam (FIB) technique (Helios Nanolab 460F1, FEI, USA). Initially, currents of * 21 nA were used to mill craters large enough to view the pillars during the compression. Next, the target-sized micropillars were obtained by milling with lower currents ranging from 80 to 7.7 pA in order to minimize ion beam damage (Fig. 1c) . The ratio of height to diameter of micropillars usually remained below 5. The taper angle was always less than 2°, which is small enough to assume that the taper effect on the stress distribution is not significant. In fact, we found that during compression, a shear localization trace is formed at random places in YCd 6 QCA micropillar, implying that the taper effect is indeed negligible in our study. We made [001]-oriented YCd 6 QCA micropillars with various diameters (0.2-10 lm) to investigate the deformation behavior and the size dependence of yield strength. We also created [115]-oriented YCd 6 QCA micropillars to check if shear direction is constrained to any particular crystallographic directions.
[211111]-oriented i-YCd QC nanopillars were also fabricated to examine how translational symmetry influences the plasticity or fracture behavior of YCd 6 QCA. All the micropillars in this study were tested under in situ uniaxial compression (NanoFlip, Nanomechanics, Inc, USA) at room temperature in a scanning electron microscope (JEOL 6330F FEG SEM, JEOL, Japan). The nominal strain rate was * 10 -3 s -1 using a load control feedback system. We carefully examined in situ videos, which are recorded during a mechanical test, to determine whether a strain burst results from shear localization or catastrophic brittle failure. Pre-/post-deformation observations were also done using a scanning electron microscope (SEM) (Helios Nanolab 460F1 and Teneo LVSEM, FEI, USA).
Results and discussion
Confined shear localization process in YCd 6 QCA micropillars
Representative stress-strain curves (among the total 20 samples) of YCd 6 micropillars with different diameters are shown in Fig. 2a . Most samples show large strain bursts right after yielding. We confirmed from in situ movies and post-deformation images that these strain bursts do not result from brittle fracture but shear displacement (Fig. 2b ). All twenty [001]-oriented YCd 6 micropillars in this study exhibit shear displacement traces on specific crystallographic planes without catastrophic failure. According to the reference crystallographic coordinate system (Figs. 1a, 2c) , we can find four {101} planes (A, B, C and D) around a (001) plane, and we confirmed that the observed shear displacement traces in YCd 6 QCA micropillars correspond exactly to these four {101} planes (Fig. 3) . Furthermore, all shear deformation events occur along \10 1[ directions, which correspond to the maximum shear stress direction under the [001] loading.
The YCd 6 QCA has 168 atoms in a single unit cell, which is the consequence of body-centered-cubic array of Tsai-type icosahedral clusters (Fig. 4a) [25] . This atomic arrangement appears to be much more complicated than any monatomic metallic systems. Thus, it would be challenging to perform computer simulations to understand the shear displacement process in YCd 6 QCA. For instance, density functional theory calculations of general stacking fault energies would be computationally expensive due to the large number of atoms in a single unit cell. Furthermore, up to our knowledge, there is no reliable pair potential to reproduce the crystal structure of YCd 6 QCA. Thus, it is difficult to perform molecular dynamic simulation, too. Although advanced computer simulations cannot be done easily, however, the careful examination of the YCd 6 QCA crystal structure can still provide an important insight to understand how YCd 6 QCA can have preferred crystallographic planes, where shear displacement occurs. Figure 4a shows the complexity of atomic configuration of YCd 6 QCA. In a [100] view of unit cell, however, one can clearly see a large interplanar spacing of {101} and {001} planes (Fig. 4b) . It is not easy to mathematically define their interplanar spacing due to the rough and complex atomic distributions on each crystallographic plane, but there are certainly large empty spaces which are parallel to {101} and {001} planes (blue and green sections for f10 1g and yellow section for {001} in Fig. 4b . Particularly, for {101} planes, there are two sets of large interplanar spacings. Typically, plastic slip in a crystalline material occurs more preferentially on a crystallographic plane with the largest interplanar spacing because these planes are usually the most weakly bonded to each other. Under uniaxial deformation along the [001] direction, the shear stress on a {001} plane is zero. Therefore, {101} planes would be crystallographically preferable for shear deformation process in our study. However, it is uncertain which set of planes (blue and green in Fig. 4b ) produces the shear deformation traces observed in this study.
Furthermore, we found that the shear displacement always occurs along a \10 1[ direction, which corresponds to the maximum shear stress direction on {101} planes under the current [001] loading condition. Note that the shear displacement direction does not always follow the direction of the maximum shear stress on a given plane. For instance, a dislocation slip usually occurs in a slip system that has the maximum Schmid factor, which does not necessarily correspond to the maximum shear stress direction on a given slip plane. Therefore, our observation of the shear displacement direction, \10
1[, in YCd 6 QCA micropillars is not sufficient enough to determine whether a shear deformation in our study occurs according to the maximum Schmid factor (dislocation plasticity) or not. Due to the large size of the unit cell and its complex atomic arrangement, the magnitude of the Burgers vector along a \10 1[ direction is * 13 angstroms, which is unusually large. Thus, dislocation slip is unlikely to occur.
In order to confirm if a dislocation process controls the observed deformation process or just the maximum shear stress does, we also created a [115] micropillar, an orientation, which is slightly deviated (15.8°) from a [001] direction, and performed uniaxial compression tests (Fig. 5a ). In the case of [115] micropillar compression, a shear deformation on a {101} plane was observed again, but occurred along the ½2 1 2 direction, which is still the maximum shear direction on a {101} plane under [115] loading (Fig. 5a, c) . Therefore, a shear deformation plane is always constrained to {101} planes, but a shear direction seems to follow the maximum shear direction only. It is worth noting that the shortest translational vector on {101} plane is \1 1 1[, which has the Schmid factor of 0.45 for a {101} plane and [115] loading. Under the same loading condition, the Schmid factor of \2 1 2[ {101} system is 0.47. Considering the small difference in Schmid factor and the huge difference in magnitude of the translational vector (Fig. 5b) , a slip would occur in \1 1 1[ {101} if a dislocation slip is a dominant process. However, our observation of \2 1 2[ {101} implies that shear deformation always prefers the maximum shear stress direction. Although YCd 6 micropillar is crystalline, the complexity of its atomic configuration would make it nearly behave like BMGs. Its large unit cell size and complex atomic configurations would prefer shear localization to conventional dislocation plasticity. Thus, shear deformation in YCd 6 micropillars would be similar with shear banding in BMGs [26, 27] , but an unusually wide interplanar spacing of {101} planes would provide a geometrical constraint of this shear deformation. In sum, it would be more appropriate to describe the deformation behavior in YCd 6 as 'shear localization,' which is confined to {101} planes.
Note that the observed deformation mode does not lead to complete fracture but finite plastic strain. This observation is also similar with a stopped shear bands in ductile BMGs under compression. These stopping behaviors of shear localization in our materials or shear bands in BMGs are related to the amount of elastic strain energy, machine stiffness, and the internal friction [28] . In the current study, it would be difficult to identify the major reasons for stopping shear localization process, and a further analysis is required.
We sometimes found that clean cleavage occurs on a (001) plane (Fig. 5d) . This cleavage occurs due to the bending moment near the pillar bottom, which is caused by off-axis compression right after significant shear displacement occurs. This would also be related to a large interplanar spacing between {001} planes, which would be weakly bonded. Note that the axial splitting cracks, which are parallel to the loading direction, are also formed (Fig. 5a ). Once shear displacement occurs, the top part slides down. Then, the bottom part of micropillar has the tilted surface. Further loading pushes the top part and the bottom part along the laterally opposite directions and develops the tensile stress component, which is perpendicular to the loading direction. Then, axial splitting cracks can be formed. The formation of axial splitting cracks has been commonly observed in micropillar compression of brittle materials [29] .
Comparison of small-scale mechanical behavior between YCd 6 QCA and i-YCd QC
The benefit of translational symmetry in shear localization process of YCd 6 QCA was investigated by comparing with the mechanical behavior of i-YCd QC, which has the same icosahedral clusters but no translational symmetry. We performed micropillar compression test on two different sized i-YCd QC micropillars (0.4 and 4.4 lm in diameter). Similar to Al-Pd-Mn QC, we found that i-YCd QC micropillars show the transition from brittle-to-ductile deformation by size reduction (Fig. 6 ). Fracture right after yielding for i-YCd QC micropillars with 4.4 lm in diameter (Fig. 6b) , but sub-micrometer size pillar with 0.4 lm in diameter exhibit shear deformation behavior with finite plastic strain (Fig. 6c) . Al-Pd-Mn QC nanopillar works postulated that dislocation climb and glide would control its plasticity at the sub-micrometer length scale [20] . As seen in our comparative study between [001] and [115] loading on YCd 6 QCA micropillars, a complex atomic arrangement in YCd 6 QCA prefers shear localization process in spite of its translational symmetry. So, we conclude that our i-YCd QC, which even lacks translational symmetry, is unlikely to exhibit the dislocation-mediated process, and its plasticity would be controlled by shear localization process, too.
Both YCd 6 QCA and i-YCd QC micropillars seem to exhibit similar shear localization behavior, but the critical diameter of brittle-to-ductile transition is different. Note that YCd 6 QCA micropillars exhibit shear localization process up to 10 lm. We were not able to study an YCd 6 QCA micropillar with diameter larger than 10 lm due to the maximum force limit of our equipment. However, i-YCd QC micropillar with 4.4 lm in diameter exhibits brittle fracture, so the critical diameter of brittle-to-ductile transition of i-YCd QC must be less than 4.4 lm. Thus, the critical diameter of brittle-to-ductile transition of YCd 6 QCA is much larger than that of i-YCd QC.
YCd 6 QCA and i-YCd QC have the same Tsai-type unit cluster, so the short-range atomic arrangement would be similar. However, the long-range atomic arrangements are different because body-centeredcubic array of unit clusters in QCA is completely different from icosahedral array in QC. This large difference should affect the critical diameter of brittle-to-ductile transition. Due to the large interplanar spacing of {101} planes, YCd 6 QCA is able to show the easier and more stable shear localization even in a larger micropillar. However, i-YCd QC requires the more significant size reduction because there is no easy path of shear localization. In this case, collective atomic rearrangement under the maximum shear stress would create the shear displacement traces. This deformation mode would be similar with BMGs, which has no defined crystallographic plane, too, and becomes more ductile as the diameter decreases.
Size effects on yield strength of YCd 6
Strength of materials at small length scales is often size-dependent [30] [31] [32] [33] [34] , and it is important to understand how strength changes with sample dimension, especially at the micrometer length scale.
In this study, we investigated the yield strength of [001] YCd 6 QCA micropillars as a function of diameter, and it is apparent that the yield strength increases as the micropillar diameter decreases (Fig. 7) . Thus, YCd 6 micropillars exhibits 'Smaller is Stronger' behavior. The power law exponent is close to 0.4 when a size-dependent yield strength (r) is described by r ¼ C Á D Àn , when C is the prefactor, D is the diameter, and n is the exponent. Singlecrystalline metallic micropillars usually exhibit a sizedependent strength due to dislocation source-controlled plasticity. As the sample dimension becomes smaller, the higher stress is required to operate a preexisting dislocation source, for instance, either a single-arm dislocation source or surface dislocation source [35, 36] . As discussed in Sect. 3.1, however, our YCd 6 QCA micropillars do not seem to exhibit dislocation plasticity, and shear localization would be a dominant deformation process. The shear localization mechanism is analogous to shear band mechanism in BMGs since shear bands are formed along the maximum shear stress direction. The only difference is that, in our case, shear localization is constrained to {101} planes while BMGs have no defined crystallographic plane where shear band is formed. However, the similar model can be applied to both YCd 6 QCA and BMG systems because the energetics of shear localization in YCd 6 would be similar to that of shear banding.
The shear band model has been widely used to understand the size effect in BMGs. Volkert, et al. derived a power law relation in BMGs by applying the Griffith's crack equation to the shear band model [37] , and Wang, et al. predicted the theoretical power law exponent of BMGs to be 0.5 [38] . Jang et al. also used the shear crack model to determine the critical diameter for brittle-to-ductile transition of Zr-based BMGs [21] . In the shear band model, Volkert et al. and Wang et al. replaced 'the energy increase by creating the exposed surfaces (surface energy)' in the Griffith's theory with 'the energy increased by the formation of shear band (shear band energy).' Reconfiguration of random atomic configuration and the increase in free volume in shear band contributes to the increase in total free energy of system. In the case of YCd 6 micropillars, shear localization on {101} planes would create the significant atomic misfit, which also results in the increase in total free energy. This analogy allows us to adapt the shear band model suggested by Volkert et al. and Wang et al. as discussed in our manuscript.
For our materials, with conservation of energy assumed [37] [38] [39] , at the moment of shear localization, the stored elastic energy up to yielding is transferred to the atomic misfit energy on a {101} plane where the preferential shear localization occurs. This situation is similar with shear band process in BMGs, which creates the shear band energy due to atomic reconfigurations and free volume creation in a thin shear band region. Based on this analogy, therefore, it is expected therefore, it is expected that the scaling exponent of YCd 6 would be close to 0.5 of BMGs. Note that our observation (0.4) is relatively close to this theoretical estimation, implying indirectly that the shear band model works for our case. The small deviation from 0.5 may be attributed to other losses (i.e., heat dissipation and elastic recovery) because the exponent of 0.5 is derived based on the assumption of complete energy transfer from elastic strain energy to atomic misfit energy.
Concluding remarks
In this study, we investigated shear localization behavior and size-dependent yield strength of YCd 6 QCA micropillars. The YCd 6 QCA forms shear localization traces under [001] uniaxial compression in the entire range of the pillar size from 0.2 to 9 lm. The shear localization traces always corresponds to {101} planes, but a shear localization direction does not seem to be constrained to any particular crystallographic direction. We confirmed that shear localization always occurs along the direction of the maximum shear stress on {101} planes and does not follow the Schmid law of dislocation plasticity. Crystal structure analysis shows that YCd 6 QCA possesses large interplanar spacing between {101} planes that would provide the geometrical confinement of shear localization. Also, we also found that i-YCd QC micropillars show the transition from brittle-to-ductile deformation by size reduction, but the critical diameter of brittle-to-ductile transition in YCd 6 QCA should be larger than i-YCd QC. These results imply that a translational symmetry is important to show a ductile-like shear localization process in Y-Cd system. We also observed size-dependent yield strength with the power law exponent of 0.4. According to the energetics of shear localization, the scaling exponent is expected to be 0.5, which is close to our experimental observation (0.4). The slight deviation from 0.5 would result from inevitable energy losses such as elastic recovery and heat dissipation. We believe that our results will provide an insight in understanding the effects of translational symmetry and sample dimension on deformation process in novel complex intermetallic compounds.
